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SUMMARY 


The effects of existing frictional heating were analyzed to deter- 
mine the conditions under which ice formations on aircraft surfaces can 
be prevented. A method is presented for rapidly determining by means 
of charts the combination of.Mach number, altitude, and stream tempera- 
ture which will maintain an ice-free surface in an icing cloud. The 
method can be applied to both subsonic and supersonic flow. The charts 
presented are for Mach numbers up to 1.8 and pressure altitudes from sea 
level to 45,000 feet. 


INTRODUCTION 


As the operational speed of aircraft is increased through the tran- 
sonic region, the frictional heating available to prevent the formation 
of ice on the aircraft becomes an important quantity. The operation of 
missiles and interceptor aircraft is therefore possible under pre- 
determined values of altitude, stream temperature, and Mach number which 
Will preclude icing. The set of flight conditions which provides a 
surface temperature of 520 Е for a particular point оп a body traveling 
in an icing cloud is termed the “icing limit" for that point. The 
analysis presented in reference 1 relates the frictional heating, evapor- 
ation, and heat transfer for this particular condition. This analysis 
was applied to a symmetrical diamond profile airfoil at zero angle of 
attack and it was found that the most critical region of the airfoil in 
terms of icing limit was on the rear surface behind the midchord 
(shoulder). Although this region is not subject to direct impingement 
of water droplets, the water film caused by droplets impinging on the 
front surface runs back over the shoulder and extends the hazard of 
icing over a large percentage of the airfoil. Icing might therefore 
occur at any point on a body which is subject to droplet impingement or 


runback. 


Experimental verification of the calculations presented in refer- 
ence 1 was obtained at the NACA Lewis laboratory on a diamond airfoil of 
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5.50 inch chord апа 6.82 percent thickness for a Mach number of 1.56 and 
several pressure altitudes. The good agreement between experimental and 
analytical results provides credence for the analytical method presented 
therein. 


The procedure used for calculating the icing limit in reference 1 
can be applied generally to obtain the icing limit-for any body provided 
the flow conditions about the body are known. Тһе charts presented 
herein are based on the analysis of reference 1 for calculating the icing 
limit at any point on a body. These charts are similar to that shown in 
figure 1 of reference 1 but cover an altitude range from sea level to 
45,000 feet. Several auxiliary charts are also presented from which the 
pressure coefficient, velocity ratio, or local Mach number at а particu- 
lar point on the body-can be converted to the parameters utilized in the 


icing limit charts. 


2 ` SYMBOLS 


The following symbols are used in this report: 


Ср pressure coefficient, Еа T 
1/2 АД 
ср specific heat of air at constant pressure, Btu/(1b) (°F) 
e vapor pressure, lb/sq ft | 
Ке coefficient of evaporation 
Ен coefficient of heat transfer писа - 205 0 Шақ к 
L latent heat of vaporization, Btu/lb 
М Mach number _ _ 
Ша, molecular weight of air 
Mo molecular weight of water vapor 
р static pressure, lb/sq ft 
r recovery factor 
T static temperature, ов 


То, е minimum free-stream static temperature corresponding to ice-free 
4 condition on surface as defined in eq. (2), OR 
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V velocity, ft/sec 

Y ratio of specific heats of &ir, 1.400 

p density of air, slugs /cu ft 

Subscripts: 

О free-stream static conditions 

1 local conditions at edge of boundary layer 
8 surface 


ANALYSIS 


The generalized heat balance in an icing cloud for an insulated 
body heated only by frictional effects is given as follows: 


(1) Heat due to the frictional, or viscous, effects 
plus 
(2) Heat due to the kinetic energy of the water droplets 
plus 
(3) Heat of fusion 
equal 
(4) Heat lost by convection 
plus 
(5) Heat for evaporation of water 
plus 
(6) Heat required to raise temperature of water droplets from stream 
temperature to surface temperature. 
Hardy's relation (ref. 2) is obtained by equating the frictional 
term (1) to the sum of the convective term (4) and the evaporative term 


(5). The heat of fusion term (3) is equal to zero if an ice-free 
surface is defined as being fully wet at 32° F with no ice particles in 
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the surface water film. “Іп addition, terms (2) and (6) are of the ваше 
order of magnitude and tend to offset each other for calculations of the 
icing limit. Both increase in value with increasing Mach number; large 
values of either term are found only at large values of liquid-water 
content and flight speed. Such a combination is highly unlikely in 
actual Plight since high speeds usually occur at high altitudes, and 
high altitudes imply small liquid-water contents with the exception of 
flight іп cumulus clouds of great vertical extent. 


The results of reference 1 indicate that the relation of Hardy 
(ref. 2) applies in particular to a surface barely wetted by a very thin 
film, but is probably nearly correct for the whole range of speeds and 
liquid-water contents of practical interest for high-speed flight. 


The relation of Hardy is given in reference 1 ав 


Kama L 
2, = т ју + 2028). мо cid (1) 


Because interest in this problem is fixed оп а definition of flight cir- 
cumstances that provides local surface temperatures of 32 Е, the terms 
Та» L, and eg are constants. Hardy observed that for the range of 


temperatures near 529 Е the ratio of the evaporation coefficient k, to 
the heat-transfer coefficient k, is very nearly unity. Іп addition, 


the &ir in а cloud 18 fully saturated at the static or free-stream condi- 
tions and the free-stream vapor pressure ес is therefore equal to the 


saturated vapor pressure at the free-stream static temperature. If it 

is assumed that tbe flow about the body, outside the boundary layer, is 
accomplished with no change in phase, that is, no condensation or еуар- 
oration, then Dalton's law of partial pressures applies and 


Equation (1) can therefore be rewritten in the form 


r-i 2 
Ті (1 + = м?) 12.75 ео 
492 -------------- Ту < - 2776.5 - ----- 
To c ? (P1 /Po) Ро ~ 12.75 Фо = ес 
(2) 


which is quite convenient for purposes of calculation because 
(т то, а) (2 + r= т м2) апа ру /Ро сап be readily calculated at any 
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point on а body for shock-free flow from the pressure or velocity dis- 
tribution, the stream Mach number, and the recovery factor r. When the 
Plow about the body contains a shock, then the parameters 


(11/19, с) (1 кг T м2) апа p1/Po сап be obtained from the local 


Mach number, the stream Mach number, the pressure coefficient, and the 
recovery factor г. 


PREPARATION OF ICING LIMIT AND AUXILIARY CHARTS 


Because eo is a function of То о, the solution of equation (2) 


must be accomplished by trial and error. Та an effort to reduce the 
laboriousness of such calculations a number of charts have been made and 
are presented in figure 1. For each pressure altitude considered, the 
free-stream static temperature corresponding to an ice-free condition 


я -1 
То,с is plotted as a function of the parameter (11/10, d (a + i r ма 
by means ОҒ equation (2) Рог constant values of P,/Po- For each set of 


values of P/Po ала (Ито, о) (1 + r= г ма) 8. free-stream static 


temperature exists which corresponds to а surface temperature of 529 Е 
and therefore represents the minimum free-stream static temperature for 
an ice-free surface Toc: The lower limit of the free-stream static 


temperature was considered to be -409 F , Since it has been shown (refs. 5 
and 4) that supercooled water droplets are not likely to exist below this 


temperature. 


The ten icing limit charts presented (figs. 1(а) to 1(3)) were cal- 
culated for pressure altitudes from sea level (fig. 1(а)) to 45,000 feet 
(fig. 1(j)) in 5000 foot increments. The use of the icing limit charts 
requires the knowledge of the parameters (ғ,/т, қ (2 + = r м, 2) апа 

2 
ра /Ро: For shock-free flow both these parameters can be readily calcu- 
lated from the pressure coefficient Ср ог the ratio of local to free- 
stream velocity үу Мо and the stream Mach number. For most subsonic 


airfoils either the experimental pressure coefficient or the calculated 
velocity ratio is known. A variety of methods is available in the lit- 
erature for determining local values of Ср от Vi о for almost any 


body in shock-free flow (refs. 5 to 9). 


Та the transonic-supersonic regime, wherein a shock normally exists 
in the flow field, the flow field about a body is not defined by the 
pressure coefficient and stream Mach number alone and an additional 
parameter such as shock wave angle or Local Mach number is required. 
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Most of the results in the literature are presented in terms ОҒ local 
pressure coefficient and local Mach number for constant values of free- 
stream Mach number (ref. 10). 


The pressure coefficient may be related to the pressure ratio and 


the stream Mach number by the compressible flow relations for a perfect 
gas without the assumption of isentropic flow as follows: 


Рі - Ро  2(21 - ро) 2 [PL 
2 Povo T Po № To 
(3) 
ыз 2 ú 2 
+ Mo Cy = 1 + 0.7 Mo“ Cp 


Hence this result applies to both shocked апа shock-free flows. 


The velocity ratio may be related to the pressure ratio and the 
stream Mach number in the following manner for shock-free flow: 


2 2 
E Ра а Ро Ро Ра M к. 8)" ( a] 
V ~ 2 0, 
Ë PoYo za о Po My 
The static pressure - Mach number relation for isentropic flow is given 
by 


T ab 
EI 
1 + حي‎ №? 
Solving for M^ gives 
у-1 
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Therefore 


(4) 


y-1 2 ; 
The parameter NA d + — r M; ) is related to P,/Po» the 
stream Mach number, and the recovery factor in the following way for 
shock-free flow: 


т-1 
T 7 р T 
— ) + چ‎ = му) = (55) ( + be њу 
О,е 0 
but 
_ Y 
1.2 ТЕ у 1.2 
Y-i = [= r- 


Multiplying both sides by г, adding unity to each side, and rearranging 
terms yield 


Е Џ 
-l ,,2 1 -1 2 
1 + r ем = (= ( + 2 = + (1 - = 


I p 
1 y-1 а\ _ 7-1 „2 =) 
T ) + ама) (+ two) =+ G - (а 
0.286 


= (1 + 0.2 Mo”) r+ (1 - г) (8) (5) 
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For shocked flows the pressure ratio can be obtained by equation (5), 


but the parameter (о, (2 + Іі r м2) сап no longer Бе related to 


the pressure ratio and stream Mach number as for shock-free flows 


(eq. (5)). 


The parameter (m /то,е) H + r= r м2) сап, however, be related 
quite simply to the local. and free-stream Mach numbers. Тһе temperature 


ratio ТИТ is given іп terms of Mach number by the energy relations 
which apply to both shocked and Shock-free flows as follows: 
1 + X 
п 1+ мо 
To el. д 
therefore „л .. .. Я _ 
i -1 
T L + Mo 
Т - с + r= r w?) = —— ——À 5 с + r= r ња) (6) š 
0,c 1 + г. М 


The pressure ratio ру/ро сап be readily obtained by use of equa~ 
tion (3) if. Мо апа Cy are known. Тһе term мог Ср сап be calculated 


from experimental pressure distributions which are usually presented for 
each value of Ма in terms of Ср. 


Theoretical velocity distributions Рог many bodies are given in terms 
of the velocity ratio or the square of the velocity ratio. The conversion 
from velocity ratio to pressure ratio (eq. (4)) is shown in figure 2, 
where the pressure ratio is plotted as a function of velocity ratio for 
constant values of the stream Mach number. 


Figure 3 ed the conversion from pressure ratio to the parameter 


(ео, (2 T inci = г мо?) as E by equation (5) for shock-free flows. 


The parameter | (2 + == т = x мо?) із plotted as а function of the 
stream Mach number Mo for абы ene values of the pressure ratio P- /Po' 
Figures 3(a), 3(b), and 3(с) are given for values of the recovery factor 
r of 0.80, 0.85, and 0.90, respectively. 

The relation given by equation (6) is shown plotted in figure 4 where 
the parameter (т /то,е) 1 me r м2) ів plotted ав a function of the 
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stream Mach number for constant values of the local to free-stream Mach 
number ratio М1/М0. Figures 4(a), 4(b), and 4(c) are given for values 


of the recovery factor of 0.80, 0.85, and 0.90, respectively. 


Discussion and Illustrative Examples 


Most aircraft components which are exposed to icing are of airfoil 
or streamlined shape. For this general class of bodies most of the 
cloud water droplets impinge near the leading edge or nose region. The 
icing hazard, however, is not limited to the region of direct impinge- 
ment, since if the impinged cloud droplets do not freeze (because of 
frictional heating) they create a surface water film which flows back 
from the impingement area. The whole region wetted by the film must 
therefore be considered as a region of possible icing hazard. 


The critical point on an airfoil or similar body (1.е., the point 
where the largest value of То,с is required for a particular value of 


stream Mach number) occurs at the minimum pressure point because the 
decreased pressure enhances the evaporation and results in a reduced 
surface temperature. If impingement occurs only near the leading edge 
or nose region, the evaporation in the region ahead of the point of 
minimum pressure may be sufficient to remove all the water film and, 

in such a case, the results obtained from charts l(a) to 1(j) would not 
apply. The actual critical point might therefore occur forward of the 
minimum pressure point; therefore, values of To c based on minimum pres- 


sure at а particular Mach number would be greater than actually required. 


The use of charts 1(а) to 1(3) can be shown most readily by means of 
several examples. The following example illustrates typical results in 
the subsonic speed range. 


Example I. - Calculation is made of the free-stream static temper- 
ature required for an ice-free surface as a function of Mach number for 
an NACA 65-206 airfoil at 15,000 feet pressure altitude and jJ. amgle of 
attack. 


The velocity ratio Vi/Vo can be found for this airfoil by the 


methods and results presented in reference 5. The maximum velocity ratio 
(minimum pressure ratio) for this airfoil was determined to be 
ТАР = 1.139 and occurs at the 45-percent chord station on the upper 


surface. Assuming a value of the recovery factor of 0.85 and that the 
surface is wet at this point determines То,с іп the following way: 
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Free-stream geri кора ыы Parameter Minimum free-stream 
Mach number ratio, р. /р T " static temperature 

My у dur ci" 1 1 + ri ү M^ T , 

(fig. 2(b) апё То, о 2 8 0262 

V ) 21 
1/0 |818. 5(v), Po? Moj [fig. 1(a)] 

0.400 486.8 

. 500 483.8 

· 600 480.0 

‚ 700 475.6 


The values of Toye obviously decrease with increasing Mach number аз 


would be expected. The results of example 1 show, however, that even 
at а Mach number of 0.7, protection is provided at stream temperatures 


greater. than 169 Е. 


Example 2. - This example is presented to show typical calculations 
and results in the transonic speed range. Determination is made of the 
relation between stream Mach number and stream static temperature which 
will provide an ice-free surface at the midchord of an 8.8 percent thick 
circular arc airfoil at zero angle of attack for altitudes of 10,000, 
25,000, and 40,000 feet. The recovery factor г is 0.90. 


The values of pressure coefficient Ср and local Mach number M 


can be obtained from reference 10 for stream Mach numbers of 0.848 to 
1.500 and are listed ав follows: 


ТО,с, OR 


Altitude, ft 


‚| (fig. 
1(с))| 1(f)) 
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The results ОҒ example 2 are shown plotted in figure 5, where the 
stream static temperature corresponding to an ice-free condition is 
plotted as a function of the flight Mach number for the three altitudes 
considered. The effect of altitude is clearly illustrated. The free- 
stream static temperatures required for protection are higher at the 
higher pressure altitudes, as would be expected; since, if other condi- 
tions are equal, the decreased pressure enhances the evaporation rate. 


Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, December 4, 1952 
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(4) Pressure altitude, 15,000 feet. 
Figure 1. - Continued. Variation of minimum free-stream static temperature То ë corresponding to 
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the ice-free condition with parameter (T/T, с) (1 + ГА = и) for various pressure ratios 
(eq. (2)). 
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Figure 3. - Variation of parameter (Ty /2p » ñ + L= r и“) with free-stream Mach number in shock-free flow 
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PTOZ NL VOVN 


ге 


28 


ЕНЕНЕ ое E EEE 
Hu NUN M НИНА НЕНАНЕНН ВН КОЊЕ 
ННннинипининншгыла анасында а ЕЕ ЫННЫҢ VEU 
ВЕНЕ ЕТЕК РАЧА ЗА ЗАРЫМ НЕН НІН НЕЗ ART 
НЕШЕ КЕНЕ TNI АЕ Қан НІНЕН НІНЕН H 
ЕНЕН ККЕ Ы ана КАФЕ УНЕ НЕ ВН ЕЕН ЕЕЕ В éH 
ET FE HOSEN SENS NEO E E A EEEE EEEE ptis 
Е АН. 
Б:22425450222948052880588515506224% 22224 ЫН R AERE HEN EHE КЕТГЕН В ЕНЕВ HE 
HS SHE RN КЫМНЫН КЫ М ШЫ ШШ НИНИН 
ЕЕЕ ES EEE НЫНАН ORNS NN SRS ҚЗ NEIN LESS HE RUE EEL НЕЕ ЕН 
PUE P MOS DOPO ЛА НБА ИНЕ: 
HH ЕЕРЕЕ ЕНЕН ЕЕ ЕЧ АСА РАА ЕА ЕЕ ЫЕНЕН 
КЕНЕЕН ШЕШЕНЕ СНОО ИНЧИ АЕН EEE HEHE 
EREE EENES A NIE NIMES EHE EHHE 
ТЫННЫ EE E ылы а К GR АСЫНЫН RS ВЕ 
ВЕРНЕЕ ЕЕ ЕЕЕ НЕЕ НЬ ЕК ЧА ОНС АЛАСЫН ТЕЛЛЕ МА АНА НЕ 
1152:2225224:222522:2151222 ПНЕ АНЕ НАНЫ ЕҚ ААҚ C САСЫ БАСЕКЕ НЕ 
HEEE HEGE HEHEHE аламы ИЕ OHNE Ee UE: 
приучили ции ee I Û за ръб m ` чи, тиі ы mq 858% = HLLILLEEELLLL! 
НЕВЕН ЕНВЕР ВИА ФАЗА РАКА, НЕ HEER EEEE 
Миқтини цы PE ee EHBVNENHTTEEPBEERERNEERUuNRMEMMMESTRAIREN a ши ЕАН "xx АНУ ЕЕ az Rute’ r mamas 
ЕЕН ЕЕ НЕН ИИН HEEE а NUS RK ҚҚ ЗЫНАН МЕ НИК НЕ 
НЕН ЕНЕҢ ЕНІНЕН aE aa МЕА АСА e EER ETE 
E dup ЕНЕ Ао аа ША iD HE 
HL ЗЕН БЕАРА ВА РЕНАТА АРМ СИ КК ach КЕРА РЕНЕ 
я Јат ыц” л vt ut М Ута РАМА 1: 
ad 5 


dni vh» v 


+ 
uL LI НИ а ВЕЕР өте ong ла аа ілін. 
НИН ЕНЕ Т ы ЕН ТН ЛАА РРА Maa КЕ АНЕ КАНА THNUHIHE 
нына аа аА ЖЫЕНА ЧЕ 
PE er Pea ЧЕНЕ EN АНА НАННЫҢ EBENE 
ЖЕНЕКЕ ТЕНЕГЕН НЕНА Н РЕМ Қақ РЕНА ЕНЕ 
ссо чето гю Е PK 
e ci ei ei дч БЕКЕ ҚА ОЧЫ АЧЫН. 
РОТЕ И | пип ЕНТ чи =k AC .. “ТЕГТІ НСА 
а ри. ипашуииииницици ЕЕ 
НА НЕ НЕЕ М на шм тира TE алиш үз ма ABEL ан 
ЕН: пари БЕНЕН OE АНАНЫ НЕ 
шемашека зварла ия давизтер соса роветезлал 1 из и за ч LL LL uu "а иц. 
БЕНЕН Ва БЕГЕН А 
ЕНЕ ЕНЕ Е ННІ БВРАРЕВЕБЕРНЕОВНАНАНЕНРАЕ АНАҒАН тү ЕЖЕН 
rs H E ЕК АНА ТА N RE 
mam ЕНГЕН EEC ELEC ЕНЕТІН АН ТЕЗ ышым зы ТЕН 
ан На ОА 
HHAH HHH Erh Hrt rrt ee VT ЗАРОБЕ УНЕ 
HEEE EHEHE EEEH EET Cu EIU AE EEEE 
EFE EEEE EEEE EEN EEEE АЈ SISIN A 
ШЕННЕН ЕЕЕ EEN ЫН 
НЕНЕН ЕНЕНЕ НЕННЕ EEE ЕНЕНЕ ЕНЕҢ AH НЕ SEE Үн 
Eu c uu D M E NEU 
НЕЗАЕЕЕЕРЕРАСЕЕРАНАНЕВААЕРЕРАСАЕСЕРЫЕВНАЕ 965969959968 Зи ИУ 
ЕЕ 
ННІ ЕНЕТІН ЕЕЕ ДЕГ иш ee va МЕ 
: ЕНЕ ЕЕ НЕН ЕН ЕДЫ и: 
SH EERE ERE ЕНІНЕН ЕКЕН 
тол рр ро eee вавеззевзчиеъкао CTR ERR ee ME, ааш ч Г 1 ч ' 
МЕНИ НЕ НЫН НЕВЕН ЕН А ЕНИН НА ЛЫ аА 
+E p uu UAE AKAN 
ЕНЕНЕНЕННЕНЕЕННЕН ЫҢ ЕНЕ ЕН ЕН EEE EEE CECE et eet ee CEA) CE! Run 
xu ы ЕН ЕЕ ТА ААА 


2-22. 2170 


mis. 
HT 


Дей 
ли 
Hau 


ЕЕ ЕНІНЕН НТ EO ЕНЕТІН НЕН ЕНІНЕН ЕЕЕ ВЕЗА ВА А ЕН РРА ECs 
ЧЕКЕНЕ СЕНЕН ЕНЕ EEE EEEE АРВ НА ERE 
BELL НЕН ЕЕ HE АЕ НЕНЕН А 
НЕДЕН ИН НИН НИ НИВИНННИ HEHEHE 
š я A + ; 8 

— r1 rt r4 ғ“ = 


(їн = Êy + (° а/ш) seqeme 


1. у 
1 


„7 „8 .9 1.0 


ed a „Б 
F¥ree-stream Mach number, K. 


T 


НАСА ТМ 2914 


(р) Recovery factor, 0.85. 


with free-stream Mech number in shock- 


r m?) 


~1 
а 


Figure 3. - Continued. Variation of parameter (1/%p,0)(2 + 
free flow for various stetic-presaure ratios (eq. (5)). 


11982 


2811 


МАСА ТМ 2914 29 


+ 

= пат et udn SRA eee "a... ТЫНЫ s... e 4 
EEEE НЕК КСК N SIWAY NT RCE NCEE EEE Eee oe КНН 7 
Serine eS SESS КЕТ ree ere HEHE HE АНА n 8 
ЕНІНЕН ОА М МАН ЕНЕН HEEE НЕВЕН EHE 
ӘННЕН RS аи ІН БЕНЕН ЕНІНЕН SHE 
НЕВЕН ота ы ЕЕЕ ЕНЕНЕ ЕРЕ с: 8 
PEHEE ТЕ ЕУ КУЛАГЫ ТКЕН Н УЕ 
EHE E OD УЧЫ ЫН ЕКЕНІН ЕН НЕН НІНЕ rH 
ЧАНЕВЕНААЕЕННЕННВАНААНЕНННААНАНАМОКУ ЕАУ ЕРКЕКТЕН 
мицииипицитима таныт асыны; НАМЕНЕ EHLE Á 
ЕЕЕ ЕНЕНЕ ННН АЗ IIR RR RN 
=... سا کے‎ рит реја ње mim Wa мА - = 
ЕНЕН ЕНЕ НЫ А SE EEE HEHEHE 
БЕНЕН НЕН қазанын a НІНЕ 
НАННЕ НУНА S ASKA ыы ЫНЫ: 
Е. НЕНУЕ SESE HEEE 
БЕЗІН FE NN SEN NUNC EREHE EEEE 
LEHRER EERE EEE EEE ESSER S BSNS N N МЕЗЕ EEEE EEEH P 
E ввазвадиза ишиц ЗЕ" " 
=: НЕНІҢ НА SSE EEEE HE EEHEEHE 
ss HT NSS A LL ф 
š ЕТЕНЕ НЕН ЕН Қаққан қан а қақ кеткен 
: НЕНІҢ ЕН coca қ NC Ааа LEN Ë 
F ЗЕРНЕ НЕННЕ ЕА ұқса K E E IR 
Е ВЕННЕВЕНЕЕННАВААНЕАНАНЕВНУНАВЕНВААНАБЕННЕК УКУС ДК USER BS SEH д 
AEE ЕНЕНЕ НАУМ КУ ЗОРКЕ МА ЕКЕН 
ИШИНИН КЕЗО РИКО Че Қа ШЧЫП: ы 
мипипппиипиициципипипипцицинивиягигаза ЕМЕН НИН 
пенииннининининнниннинннанми a a HE E 
БЕНЕН НЕН аа Есе кате қ АА СЫ АҚТАН РЕСЕ 
HERRERA EE LET BEI ida Eid ТОҚА EEA EEE 
HEHEHE LEE ЕН НЕН а Т ЕЕ НА ТАНЫ ЕТЕН ROO АС Sa па ~ Q ^ 
e ur eL EA ET А БОКИ ОНЕ АРЕНЕ HEE С |a 
Bp Е ЕН ҚАСЫҚ АС ІНЕН РА a 
--H rT RET ZUR БИ ТЫНЫ ЛЫР МЕР пат ЛЕ "ЕГЕР а. чач м эла ъ ча ъч =. س‎ ткани ied LIE 
ЕҢ к. s=... жамаш шан И ма нинин ЕНЕТІНІ RC RA E ҚАЗЫҚ а. +: тъне s n + 
sss ро Q “=O s N ORD о + калма SCENE E 
==. а 9 9 ае ә . è @ 1 А та пазва чышучиливчаншин Е 
HER Уы Sd ddd SERENA Suu ВИЕ ш — t 
мин к EE РАВНЕ menan О m~ 
+ ONE КЕҢ БАЖЫН: z Gu, 
Ht EE HH HEH- a AA N A НАС p E 
ЕНН НЕ ЕНЕНЕ ЕЕН СОМА С ОНЕ ВА Ë B 
НЕНЕН НЕННЕ НЕНЕН: МАРАКА РА EE ~ 
шик. HEHE I EEE ee CLE et КАННА Та) E a 
2252260:24522:2222222222122242222220:1222211424422:1::22122 25242: НОУ 5 Š TL 
HEH H EE ННН N AES NSS а 
ЕЕН НЕНЕН БЛЕЗ „а в но 
ННН Е Rak с) < š š 
HEEE НЕНА HEFE ETI ААА Е — р 
НЕН НЕН ТЕ ЕНІНІҢ Ер ҚАҒАЗЫНАН 
22:31:::22222222:::22222121::222241251::21122121222482221:255% БАН 
ЕЕЕ ННН ЕНЕНЕ ЕЕН АННА N 
КЕТЕШК ЕЕН VLEET EE БЕШКЕК + с: 
НЕННЕ ЕЕЕ ТЕКЕН H EHe ТЕЕ ҮС ВАКА а 
НЕННЕ НЕНЕН ЕНЕ ЕЕЕ ОА p 
PHHH HEEE EHE HEHEHE A Е 8 
КЕННЕН ЕН HG ЕЕЕ КЕННЕ К ЗЕРЕН 1 
ВЕРЕН НЕНА НЕВЕН НЕНА АЕН ЕВЕ НАРАВ ВОВЕ 5 © 
ННН НЕ ЕЕЕ АНА ЕН ГЕННЕН В АНЕ P 
HHTHH EEEE НЕНА EEEE ER EEEE VE 8 
ИННИ ВЕНЕ ЕЕ НЕН E CE E EE к) > 
пипгпаниннипиинННННННЫ НЕ ИНЕП ИН ИН ЫНЫННАлатыНа ined S: 
НИНА ЕН ННИ НИНА НЕ НЕ ЕНИ НЕНН НЕ p ЕЕ UH КЕНЧЕ 
2222255212222525222222512111512112222:22222:41222:2:2212121222:755221:205:% A АЕ 
CEEEHEHHEHH-HEEECEHEHEHH Eee ee CE ЕНІНЕН ин“. - EAS m 
PERPEEREPERTREEETERERERFÉERESFESSEHEBRERREESESEENS LLLEEL THTHHALHHMS пи ши HAI SEL: 
давелмавзесезесетезсксесосесовсососесикие ОГ) "+ кенін t. уана! 
2222:222222222222222222222222:2222225521122211212145551:2221811128:222425% Iba shisha eee 
ЕЕЕ E ЕЕ Нан ee ЕЗ 
ИШИНИН НЕНА НЕНА НН EE EEE я В 
БЕНЕН НЕНЕН ЕНІН ЕНІН ЕНІНЕН secon fates ee НЕН ЕЕЕ с 
TEHRE НЕНА HHE EEE 22341225: 2525533 ЕНЕН РБ АМОН ' og 
ӘНІН. идиш BEHRRRAEEERRARARBRAMAEEHEEERRASNRHREEEZEER «ПЕГЕН ыы. УРАН ытан 
НАНВЕНННАЕННАНННАНЕНННАНЕНАНЕННЕНВЕНЕВЕНВЕНЕНВЕНЕРНЕНВНЕННННЕННЕНРНБВННННЕНАНННВАНННННННННННЕННЕВЕНННАНА ШЕНІ НГ. 
ЕНІНЕН EPP EHEHE EEEE HELPE SHEETS EE 512222 ю H 
ЕЕ Р 2222:22:2222:1::::1::52222::2::122222:::222222125:12:524::2222215242012222152222221754,1404 шш 
init ТЕБЕ ЕНЕН Е EEEE Ë 
ЕНІНЕН: ЖЕЕ ЕНЕНЕ EEHEEHE 
инн: EHEHEHEH ЊЕНЕ НЕВЕН HHHH 4 zi 


1 
1 
1. 
ки 
1. 
1. 
1. 


30 


munnuzhanu HARE члене чаккаи “ЕТІГІН г “ЕНІНЕН НЕНІ 
а. РЕН КТЕН а жи = = за 11411140434 ЕНІН пиш 155: [3I uk. НЕН 
ННВ E DR CEDE : ЗЕН ЕН GEH 
НЕСИЕ НЕН ЕНЕ ЕНЕН ЕНЕН БЕЕН СЕВЕРЕН) ҮШ 
НЕНА НАНА EET ЕНЕ: 
ЕНЕ НЕН ЕН СЕЕ РЕННЯ ЕНЕҢ Ж 
НЕННЕ SHE анн ot HEE HHE! > =; 
НЕН ТЫН ұт ЕРНЕУ ЕЕН ити шп таша ишпш ш и иң ии ы dim = 
ennt ЕНЕ А СЕНЕН N EEHEHE EE (ЕНЕ 
НИНЕН РЕЗЕРВА МАНА БЕН ЕНЕН БАНАНЕ 
ЕН NRA E E EE E EH EEEE 
HHE азасын E E GE 
ЕЕ SCE EEE ЕНЕН HEEE EET TUE 


НІН OK E 


ЕНЕН ТЕЕ 


МН a 


sar кита и тие Û eee ча в) Se Oe ee oe 
AS SAKE SERS I L Ф mima m. ana. UAR ОНЫН. "“ТЕНТТІГІНТІТІТЕТІТТІГІТІ HE имам ЕРЕ 
EL X E НАН НЕДЕН Н БИН EEEE Eee EH EEEE З 
да ТЕЕНЕННЕТІЕЛЕГІ ЕНІНЕН ЕНЕН НЕНЕН ЕНЕ 
Е Ен ЕЕЕ AN M E 
+ ЕНЕҢ HHA HNH ВКАНЕВЕНАЕЕННЕВЕНЕННАНРАНЕННЕРНЕННАНЧЕНУВЕЕНЕВЕННЕНАБЕНЕВЕНЕЕЕЕН 
ЕНЕ НЕН АНА а НЕН Еа EEE 
Е 
ЕЕРЕЕ ESS АЕ МАЗАРИ ЕУ ВВ ЕН ӘННЕН EEA d 
ЕГІН ЕТЕ ЕТТЕН foes QU, ЕЕЕ ТЕ на НЕГЫП НН Н: 
Би Бли сициннлнимин иипавнилубиз Ули ЕРНІ иинин, жини шя ЕНЕҢ ТЕНГЕНІ 
pu uu АСАТЫН ПУНИ HER ERIE EHT 
HEHEHE НЕН ЕЕЕ ЕЕН ЕЕЕ ЕЕЕ РН НУН 
(ШЕТ ЕЕ HH HN NMGA ak ТҰСТЫ ЕТТЕН IT Ее 
ЕНЕ ЕШ ШЕЕ ННН НА АН НЕННЕ ННН HHE HEE 
up up А Ен НЕ E cu ug 
ЕЕН ЕНЕНЕ ЕНЕНЕ ЕА |- е ЕЕЕ мазане инанам аи 
E HEE Hi EEEE E E PEE шылғи анын FEE EEEE EE 
Е ЕВЕ НВА НАВАРА EEEE EER EE EERE E E ERTE 
ЕІГЕНІТГЕНТІННИЕНЕИ ЕНЕ ш шй щиты и иша А үш тщ, а tN EEEE e ЕЕ ee oe | 
БЕН ЕВО НЕ ЕЕЕ EE СК R NE RE DUO LEE 
HAHO + ЕНЕНЕ ЕЕ КЕН КЕНЕЕН ЕЕЕ ЕЕН 595 
О ЕЕН НЕЕ НЕНЕН ИЕНА АННА БЕНЕН FEE ЕЕ НЕНІ 
ЕНЕН ВЕНЕ А НАРАВ ЊЕНЕ НЕНА pan REHEAT GREE -1 
НЕНА НЕНА НЕНА НЕ НЕ НЕ РЕНО ЗНА ЕНЕ HEEE HEEE EE 
HEE EE GOH EE THT HEHE (aan IR E ЕНЕЕИНИНІНЕНІҢСІН 
Sa а ее а НЫ 
ЕНЕ 6656869526666 5 - Н Pa eee tee Eee 
CHE БАНАНА АНЕ ЕН АНА AEN EAE EEL 
ЕЕН ЕТЕНЕ АНАНЫ ТАННІН O 
XR а ЊЕ ПЕН ЕНЕ НАРДАН ЕЕЕ бі 
РЕНЕ ЕЕН НЕЕ ЕН ЕНЕНЕ rn seg elm АНЕ ЕНІНЕН 
шинпинининици ERE EE E ШЫН ЧАНЕНРЕНЕНЕНЕНН Ко Si e AEE EEEE TEHETE HE - 


НЕРОНЕНАРААЯЕЫ HHR EE suas sau apprann 


POPE ed Ce ERE НЕЕ 


HI НЕНА НЕ EE ERIT РА НЕНА ЊЕН 


АНА ЕЕЕ НЕННЕ НЕННЕ ЕЕЕ HA 


ЕНЕҢ ЕНЕ РАБА 


+ 
ü 


Ане: 
ауа 
К 


SEK 


[TITTITTTTTTITTTTTTTTTI-TTTTTI 
AHHH H a MAMRRMT anur 
клиники ввдзцаовац LEL] ша 
тагын папин LÀ 


s"; 
кїп 
і: 
| 
u 
мі 
ята 


ЖЕ 


ННН ВНЕНВАВЕВНЕ АНЕ : 


HEHEHE EEE 


a EHE HH: 
BEES EEE НЕН Eee et НАН HELLE GIN LOE: 
ыпиипипипицииимцминииицингипинлацимипиниииаиорганнаныпыпнианНнып 
ВЕНЕ ЊЕН EHE FERH EEHEEHE | HEHHE EHA ПЕРЕ АЕН РАНЕ 
FFER oE AAAA ЗЕЕ R tr EAH rE AEE 
ЕЕЕ ШЕН E E E АНЕ CELL АЕ ЕН 
EHE EEEE EEEE ЕНЕ SHO HHA М NA ТЕН 


1. 
1 


L. 


H 

з 
= 
= 
= 


1.10 


.90 


NACA TN 2914 


1 r м?) with free-stream Mach number in shocked or shock-free flow for 


2 
of local to free-stream Mach mmber Mj/Mo (за. (6)). 


Free-stream Mach number, Mo 


(a) Recovery factor, 0.80. 


Figure А. - Variation of parameter (T/T с) (2 + 


various ratios 


ттөё 


(1860 


NACA TN 2914 


пилзпипипгигинипиииии мина  шипцинииипиинцицы шпиципинципици .; 
ЕЕ НН EEHEEHE АЕН АНА НЕНА E EEEE МЫ 
HEEE SLE HE HH HGF HHHH НЕННЕ ЕНЕНЕ ЕЕЕ 
HH НЕМАН НЕНЕН. НАННЕ НЕЕ: TTT РГТЕГГКЕТТТТ 11117 | Ptr ttt + "ЕТТТ HHH 8444 E 
HHH EHH E E 
КЕНЕНІҢ E N E EPE EEE PEE НЕ EEE EEEE EEHEHE HEEE 
HEHHEE EEE Н EE шин: РГР TTTTTTTTTTTITTTTTI?T "TITTTTTTTTTIE 
ГЕННЕН пш паз та УЕ ОНА ВНБЕНЕНЕВРВВННЕННЕННАЦЕННЕВННЕНН 
НЕННЕ АСЕ E EHHH E ЕЕ 
КЕНЕ a EE ЕЕН ЕНЕНЕ HEEE EEEE EHEHEHEH в 
SEUSS EER тининин и SHS зид ль шшщщ ш шшщ eek ги LI LLL LL А Ту ЈЕ ТЕТ ТТ T 7 TTTITTIYITILILYTTTTTTTTETI] ЕЪР ОА ee ce 
FERAH EEE EEE К Ee EEE EEE aaa? 
E АҚАН ЕНЕН АНЕ ammeter НЕН НЕН 
пипипинининцили ни PeH E HHHH 
HEHE HLTH КЕ eE ENE EEEE H АНЕ НЕНА HEHEHE 9 
ВЕРНЫ EP Den РЕНЕ НУБЕЦНАННННАВЕРНЕННЕРЕНННАННЕНВЕЕННЕНЕАНААНВНВЕНАБАННЕНАВБЕННЕНЕ 
РАЗБАЦАНЕ РНЕНЕННЕННЕННННАНННЕННЕНЕНЕННЕЕВНЕНЕЕНАЕННАНННАРЕВБЕВЕНА HHT 
ЕЕЕ ЕСЕ КЕНЕ EER EHE BEBE 
ЧАС ЕУ АТКЕНИ EErEE EEEE EEHEHE 
POS ТК ЕНІН НІНЕН чанадан аиб ee Se 
пкегсилавлиппицинцини ИННИ; HHHH HHHH o 
A ee A А EEE + 
EHEER EEE EN ENE EEEH EEHEHE EEE EEEH HEEE 
HHAH re Ee EEE HEHEHHE 
PHHH E NEN AEE er EHEHE EEEE EEEE 
Sue SMES анна ини Pee eee Sette щш вар ча а LLL = BEE SRS UC ERS ee ee ee eee WER Rhee eee гтиннимининнин 
ЕНТІТІТТІЗТЕТІТІТІПІЕІТІТІРТІІ TECCEEREEEHEH M S са. J НЕН НАВСВАДАНЊЕНАНАНННУВАВАВВВРВРРАВВЕВЕВЕНЕВРВАНЕВНЕ 
R AE EEEE НЕН outer UHR ІНЕН 
Иоанн ЕЕЕ оС НА Еа аҚ ЕНІНЕН КЕНЕЕН ЕНЕН ЕНЕНЕ 
EEE ЕЕ НЕЕ duplo iiu rt 
ГУТ КИ | І ГЕТА шыла " imm urn дин чинили къ кви кан a Ú | a BTC НЕВА r 
E ПЕНИННИННИННЕЯКШ A TEHE 


БН E PEHEE EEEE EHEER EEEE EE EEHEEHE HHE 
АН HEF - : РА TT T БЫШЫП e 
SEs BG SSE ТИ} ----HH ЕНЕТІНІ —-H-HH- -FH-rYHN-- E) ЕНН УЕН ЕНЕНЕ с 
m... s. азазвазес ва за лизчаев-т ки | а ха МЛ DI T TIT TI P LT I TP RE L MER € = puruen тш шшш а И = 
ЕНЕТІН НЕН E АТЕШ ur 
ЕНГЕЕНІЕННЕЕНЕНННЕННҒАН HEU HRHEEHEEHE HH EH HOG X ЕҢ ЕТЕНЕ 
HEH ЕНІНЕН ЕНЕҢ НҰҚ EEEE EEEE 
ТААТ ГІ m... TT TT, LELIT TTT TT TT TTT P “ТҮТІКТІ! ыза eatery H HHHH | HHHH HHT 
EEE HOLE GE HEHEHE Ысы: E RE 


HIH НН НЕ ЕВЕ ВН ЕНЕН НЕНА ЕЕН АЕН 


BES Shee eee нин Cee УНА eee eo ee 
КА TE ЗОВЕ Ree ert 


SES Oe ee TO BE eee им ГГҮТІНІГІ HH Re ААА 
РНР НН НЕН ЕКЕШН 


s: 


а 
3221:12222122::451 АЗЕ E E 
E E 


TEE EEE EEE x 
BSE SERS SER ewes ees тамы ee eee See erae cee eet ese ee 
РТТ Se CRSA RRP eee излез лова 


ВЕРЕЯ ЕНЕН ТЕНЕ Pe eee eee 

52220255 et НАНОНЕННЕННННАВНЕНЧНАВЕВЕН 
teere паша нам ЕЕЕ H 
LLLELITITESTI See eee ees Se eGR SESE eee eee Se ESS STE eee eee s... 


1,00 


или 
HH 
паша 


FAH 
HREN 
! 

[| 
I 
i 
. 

3 
1 


ЕНН LE CEH Eee ee HEEE чан зна на нази ма 
ertterae r НЕННЕ +H ТІНЕН 


i 
: 
% 
+ 
ШП 
НА 
- 
и 
| 
1 


EEEE H HEHE E НАВЕДАНАНАНЕНННАНАННАНЕНВЕВЕНЕНАНАНЕНЕ 


инна в.з ш шш ни = мимлацинињациничцил sr ee ЕНН РНЕ 


а НЕБА 


ҤЕ ЕЕЕ ТЕЛЕН 
= Г търш H+ +d Н =... TTITTTTTTTTILIUTDEI шинниинцинан ам њом ТЕТІК TITI 
= = къв аа игш шї цыш пана ОКТ "НТ, = Я 4 111111111711) 


LFS LILI "WwESNEUESEKEUNEUNR САГ 
нищих РА НААВАЋЕННАНЋАНН aus 


ЕНГЕННЕН; : HHR 
HHRHH HH HHH E ЕНЕҢ НАН НЕНІҢ 


1.60 
50 
1.50 
1.20 
1.10 
00 


= + T) (P zT) хәләшехед 


сч 
га 
= 
н 
ға 


Free-strem Mach umber, Мо 


(b) Recovery factor, 0.85. 


M^) with free-stream Mach number in shocked or Bhock- 


of local to free-stream Mech number M. /Mo (eq. (6)). 


r 
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Figure 5. - Variation of minimum free-stream static temperature for ice-free surface 
as function of free-stream Mach number for station at 50 percent chord of 8.8 percent 
thick circuler are airfoil. 
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